Ethanolamine (EA) metabolism is a trait associated with enteric pathogens, including enterohemorrhagic Escherichia coli O157:H7 (EHEC). EHEC causes severe bloody diarrhea and hemolytic uremic syndrome. EHEC encodes the ethanolamine utilization (eut) operon that allows EHEC to metabolize EA and gain a competitive advantage when colonizing the gastrointestinal tract. The eut operon encodes the transcriptional regulator EutR. Genetic studies indicated that EutR expression is induced by EA and vitamin B 12 and that EutR promotes expression of the eut operon; however, biochemical evidence for these interactions has been lacking. We performed EA-binding assays and electrophoretic mobility shift assays (EMSAs) to elucidate a mechanism for EutR gene regulation. These studies confirmed EutR interaction with EA, as well as direct binding to the eutS promoter. EutR also contributes to expression of the locus of enterocyte effacement (LEE) in an EA-dependent manner. We performed EMSAs to examine EutR activation of the LEE. The results demonstrated that EutR directly binds the regulatory region of the ler promoter. These results present the first mechanistic description of EutR gene regulation and reveal a novel role for EutR in EHEC pathogenesis.
T
he ability of a pathogen to colonize a host and cause disease requires coordinated expression of genes that mediate nutrient acquisition, as well as genes involved in virulence (1) . Ethanolamine (EA) is abundant in the gastrointestinal (GI) tract due to the turnover of host enterocytes and commensal microbes, as well as through the host diet (2) (3) (4) . EA can serve as a source of carbon and/or nitrogen for enteric pathogens, and the ability to metabolize EA gives enteric pathogens a competitive advantage when colonizing the GI tract (5, 6) . Indeed, genes encoding EA metabolism are found in diverse bacterial pathogens, including enterohemorrhagic Escherichia coli O157:H7 (EHEC), enteropathogenic E. coli (EPEC), Salmonella, Clostridium, Listeria, and Enterococcus (3, (7) (8) (9) .
Recent studies demonstrated that EA is present in the mammalian intestine at concentrations that support growth of EHEC and Salmonella and that EA utilization by these pathogens confers a growth advantage over indigenous microbes (5, 6) . In EHEC and Salmonella, the genes that encode EA metabolism are located within the EA utilization (eut) operon. The eut operon includes 17 genes that allow transport and breakdown of EA, as well as production of a carboxysome-like structure that contains toxic breakdown products of EA metabolism (10) (11) (12) (13) (14) (15) (16) (17) . The eut operon also encodes the transcriptional regulator EutR, which promotes expression of the eut operon in response to EA and vitamin B 12 (14, 18) .
EHEC is a food-borne pathogen that causes bloody diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome, which may be fatal (19) . In the colon, EHEC forms attaching and effacing (A/E) lesions, which are a hallmark of EHEC disease. The A/E lesion is characterized by the destruction of microvilli and the rearrangement of the cytoskeleton to form a pedestal-like structure that cups the bacterium, thereby allowing intimate attachment of EHEC to host enterocytes (20) (21) (22) . Most of the genes involved in A/E lesion formation are included within a chromosomal pathogenicity island called the locus of enterocyte effacement (LEE) (23) . The LEE contains five major operons that encode a type III secretion system (TTSS) and effector proteins that are translocated into the host epithelial cell through the bacterial TTSS (20) (21) (22) (24) (25) (26) (27) (28) . Ler (LEE-encoded regulator) is encoded within LEE1 and is the master regulator of this pathogenicity island (29) (30) (31) (32) .
We recently showed that EHEC uses EA, not only as a metabolite, but also as a signal to recognize the host environment and modulate virulence gene expression (33) . Additionally, the transcriptional regulator EutR is important for EA-dependent regulation of the LEE (33) . Although genetic evidence strongly indicates that EutR promotes expression of the eut operon (18), biochemical evidence is lacking. Furthermore, the fact that EutR plays a role in virulence gene expression represents a novel role for the regulator. The goal of this study was to examine the mechanism of EutR-dependent gene regulation. Here, we establish a direct role for EutR in promoting expression, not only of genes involved in EA metabolism, but also of genes that are critical to EHEC pathogenesis.
MATERIALS AND METHODS
Strains, plasmids, and recombinant DNA techniques. All strains and plasmids used in this study are listed in Table 1 . Standard methods were used to perform plasmid purification, PCR, ligation, restriction digests, transformations, and gel electrophoresis. Plasmid pMK53 was constructed by amplifying the eutR gene from EHEC strain 86-24 using AccuTaq polymerase (Sigma) with primers EutRexp_F1 and EutRexp_R1 and cloning the resulting PCR product into the NcoI/Sbf1 cloning sites of vector pMAL-c5X. The oligonucleotide primers are listed in Table 2 . Enteropathogenic E. coli O127:H6 strain E2348/69 was grown in M9 minimal medium, as previously described (33) .
RNA extraction and qRT-PCR. Cultures of 86-24, MK37, and MK66 were grown statically in LB medium at 37°C overnight and then diluted 1:100 in Dulbecco's modified Eagle's medium (DMEM) and grown at 37°C. Where indicated, EA (Sigma) was added at a final concentration of 2 or 5 mM, and vitamin B 12 (cyanocobalamin; Sigma) was added at a final concentration of 150 nM. For the gene expression studies with MK66, IPTG (isopropyl-␤-D-thiogalactopyranoside) was added at a final concentration of 1 M. RNA from three biological replicate cultures of each strain was extracted using the RiboPure Bacteria RNA isolation kit (Ambion). The primers used in the quantitative real-time PCR (qRT-PCR) assays are listed in Table 2 . qRT-PCR was performed in a one-step reaction using an ABI 7500 sequence detection system (Applied Biosystems).
Data were collected using the ABI Sequence Detection 1.2 software (Applied Biosystems). All data were normalized to levels of rpoA and analyzed using the comparative cycle threshold (C T ) method (34) . The expression levels of the target genes under the various conditions were compared using the relative-quantification method (34) . Real-time data are expressed as the changes in expression levels compared to the wildtype (WT) levels. Statistical significance was determined by Student's t test, and a P value of Յ0.05 was considered significant.
Purification of EutR under native conditions. In order to purify the maltose-binding protein (MBP)-tagged EutR protein, Escherichia coli strain BL-21(DE3) containing pMK53 was grown at 37°C in LB with glucose (0.2% final concentration) and ampicillin (100 g/ml) to an optical density at 600 nm (OD 600 ) of 0.5, at which point IPTG was added to a final concentration of 0.3 mM and allowed to induce overnight at 18°C. Cells were harvested by centrifugation at 4,000 ϫ g for 20 min and then resuspended in 25 ml column buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA) and lysed by homogenization. The lysed cells were centrifuged, and the lysate was loaded onto a gravity column (Qiagen) with amylose resin. The column was washed with column buffer and then eluted with column buffer containing 10 mM maltose. Fractions containing purified proteins were confirmed by SDS-PAGE and Western analysis, and the protein concentration was determined using the Bradford assay.
EA-binding assay. EutR binding to EA was determined by using a modification of far-Western blotting described by Wu et al. (35) . Equimolar amounts of purified EutR or bovine serum albumin (BSA) (negative control) were separated on a 10% SDS gel and transferred. The membranes were soaked in Ponceau S solution to determine protein localization, and stained protein bands corresponding to EutR or BSA were cut out of the membrane in equal dimensions. The membranes were probed with tritiated EA (American Radiolabeled Chemicals) for 5 h at 4°C and then washed in phosphate-buffered saline. EA binding to EutR was determined by liquid scintillation counting.
EMSAs. To determine the direct binding of EutR to target promoters, electrophoretic mobility shift assays (EMSAs) were performed using the purified EutR-MBP and PCR-amplified DNA probes (Table 2) , as previously described (36). The DNA probes were then end labeled with [␥-32 P]ATP (Perkin-Elmer) using T4 polynucleotide kinase (NEB) following standard procedures (37) . End-labeled fragments were run on a 6% polyacrylamide gel, excised, and purified using the Qiagen PCR purification kit.
EMSAs were performed by adding increasing amounts of purified EutR protein to end-labeled probe (10 ng) in binding buffer [500 g ml Ϫ1 BSA (NEB), 50 ng poly(dI-dC), 60 mM HEPES, pH 7.5, 5 mM EDTA, 3 mM dithiothreitol (DTT), 300 mM KCl, and 25 mM MgCl 2 ], 1 mM EA, and 150 nM B 12 and incubated for 20 min at 37°C. Stop Solution (USB) or 1% Ficoll solution was added to the reaction mixtures immediately before loading the samples on the gel. The reaction mixtures were electrophoresed for approximately 6 h at 150 V on a 6% polyacrylamide gel, dried, and imaged with a PhosphorImager (Molecular Dynamics).
DNase I footprinting. DNase I footprinting was performed as described previously (36) . Briefly, primers eutS_emsaR and ler_distR1 (Table 2) were end labeled by standard procedures using [␥-
32 P]ATP (Perkin-Elmer). The resulting labeled primers were used in a PCR with the unlabeled primer eutS_emsaF or ler_distF1, respectively. The resulting single-end-labeled PCR products were utilized in binding reactions (as described for the EMSAs) with purified EutR for 20 min at 37°C. At this time, a 1:100 dilution of DNase I (Invitrogen) and the manufacturersupplied buffer were added and allowed to digest at room temperature for 4 min. The digestion was stopped by adding 100 l stop solution (200 mM NaCl, 2 mM EDTA, and 1% SDS). All protein was then extracted with phenol-chloroform, and the DNA was precipitated using 3 M potassium acetate, 100% ethanol, and 1 l of glycogen. The DNase reactions were run in a 6% polyacrylamide gel next to a sequencing reaction (Affymetrix). Amplified DNA from strain 86-24 was used to generate the sequencing ladder using primers eutS_emsaF and eutS_emsaR for the eutS promoter and ler_distF1 and ler_proxR1 for the ler promoter.
RESULTS

EutR binds EA.
Genetic studies in Salmonella revealed that EA and B 12 induce expression of EutR and that EutR is required to promote expression of genes necessary for EA metabolism (18) . The generally accepted mechanism is that EutR directly binds to EA and B 12 and that this binding causes a conformational change in EutR that allows it to bind to the promoter of eutS, the first gene in the eut operon (Fig. 1A) (3) . In order to examine the mechanism of EutR gene regulation, we constructed a plasmid that expresses a fusion protein (MBP::EutR) in which the C terminus of MBP was fused to the N terminus of EutR. The MBP::EutR fusion is biologically functional, as it can complement the EHEC ⌬eutR (MK37) strain and restore expression of eutS to WT levels (Fig. 1B) . BSA (Fig. 1C) . We also examined whether B 12 was required for EutR to bind EA. Figure 1C shows that EutR does bind EA in the absence of B 12 , although the amount of EA bound was significantly decreased in the absence of B 12 compared to the presence of B 12 . These data suggest the possibility that B 12 enhances the ability of EutR to bind EA. EutR is a direct regulator of the eut operon. To date, no biochemical data have been presented that show a direct interaction of EutR and the eutS promoter. Therefore, to test whether EutR binds this promoter, we first performed EMSAs with EutR purified under native conditions in the presence of EA and B 12 . We generated a probe located upstream of eutS (Fig. 1A) that contained a putative EutR binding site identified by Tsoy et al. in a bioinformatics screen of eut genes (9). We used the amp (ampicillin) promoter as a negative control. With the addition of purified EutR, a shift of the eutS promoter was observed (Fig. 2A) . The negative-control amp gene did not shift with the addition of increasing concentrations of EutR ( Fig. 2A) . To confirm the specificity of binding, competition assays were performed (Fig. 2B) . We showed that upon addition of unlabeled probe, EutR binding was outcompeted by the cold eutS probe at a ratio of 1:5 (labeled to unlabeled probe; vol/vol). The addition of unlabeled amp probe, as a negative-control reaction, showed no competition, indicating that EutR specifically binds the eutS promoter.
We also examined whether EutR could bind the eutS promoter in the absence of one or both ligands (Fig. 2C) . The results indicated that EutR is able to bind the eutS promoter in the presence of EA or B 12 alone, as well as independently of either ligand. Some transcriptional regulators, such as the LysR-type transcriptional regulators, bind target promoters in the absence of their corresponding ligand but require the ligand to activate transcription (38) . It is possible that this mode of regulation applies to EutR, as our qRT-PCR data indicated that transcription of eutS is significantly increased only when EHEC is grown with both EA and B 12 (Fig. 2D) . Additional studies are needed to fully elucidate the mechanism of EutR gene regulation.
EutR regulates transcription of the LEE through direct interaction. Previously, we showed that EutR affects expression of the LEE pathogenicity island, as well as EHEC's ability to form A/E lesions on epithelial cells (33) . Here, we performed EMSAs to address whether these effects were due to direct regulation of LEE1 by EutR. We generated a probe harboring the entire regulatory region of LEE1 (Fig. 3A) . These data indicated that EutR was able to bind and shift the radiolabeled probe comprising the LEE1 promoter regions and that EutR did not bind to the negative-control amp promoter (Fig. 3B) . To ensure specificity of binding, we performed competition assays similarly to the competition assays described for the eutS promoter. In these experiments, upon addi- tion of unlabeled ler probe, EutR binding was competed out by the cold ler promoter at a ratio of 1:5 (vol/vol), and the addition of unlabeled amp probe exhibited no competition (Fig. 3C) . We also investigated whether EutR required EA and B 12 to bind the ler promoter. EutR is able to bind the ler promoter in the absence of EA and B 12 (Fig. 3D) , and these results are consistent with EutR interaction with the eutS promoter. These data indicate a specific and direct interaction between EutR and its target genes. Our qRT-PCR analyses indicated that EA-dependent regulation of ler is similar to that of eutS, as ler expression was significantly increased only when EHEC was grown in the presence of both EA and B 12 (but not in the presence of EA only or B 12 only) (Fig. 3E) .
DNase I footprinting analyses reveal a putative consensus sequence. In order to confirm the results of the EMSAs and potentially identify an EutR recognition consensus sequence, we undertook DNase I footprinting experiments of both the eutS and ler promoters. The footprinting analyses indicated that EutR bound the eutS promoter at the region previously predicted by Tsoy et al. (9) ; however, our analysis did identify additional protected DNA both up-and downstream of the previously predicted area (Fig.  4A and C) .
The EHEC LEE1 operon contains two promoters (Fig. 3A) , the P1 distal promoter and the P2 proximal promoter (30, (39) (40) (41) . Our findings indicate that EutR binds upstream of the Ϫ35 promoter element of the P2 proximal promoter (Fig. 4B and C) . EutR belongs to the family of AraC/XylS-type transcriptional regulators. Previous studies have shown that other AraC/XylS-type transcriptional regulators also bind at or upstream of the Ϫ35 promoter element to promote the transcription of target genes (42) (43) (44) .
DISCUSSION
EA is a breakdown product of phosphatidylethanolamine (PE), a major component of both mammalian and bacterial cell membrane lipids (45, 46) . PE enhances the ability of both EHEC and EPEC to bind to epithelial cells (47, 48) , and the ability to metabolize EA has been associated with virulence in several pathogens, including Salmonella, Listeria, and Enterococcus species (17, 49-52). Bertin et al. recently showed that EHEC gains a growth advantage in the mammalian GI tract by metabolizing EA as a nitrogen source (5) . The ability of EHEC to metabolize EA may contribute to EHEC's low infectious dose; as little as 50 to 100 CFU is sufficient to allow EHEC to colonize the colon and cause disease (53) . Interestingly, EPEC that colonizes the small intestine has a much higher infectious dose. The genome sequence of EPEC indicates a large phage insertion between the eutB and eutC genes, which encode the ammonia lyase (54) . We performed growth curves and verified that EPEC does not utilize EA as a carbon or nitrogen source (see Fig. S1 in the supplemental material). These data suggest that there may be different selective pressures in the environments of the large and small intestine. Our previous work showed that EA-dependent virulence gene regulation did not depend on EA metabolism (33) , and future studies will examine whether EutR regulates virulence traits in EPEC.
The eut-encoded transcriptional regulator EutR is partially responsible for EA-dependent virulence gene regulation in EHEC (33) . This study aimed to investigate the molecular mechanisms by which EutR activates expression of the eut genes that are involved in EA metabolism, as well as expression of LEE1-ler, which is important for A/E lesion formation. EutR was first identified and described by Roof and Roth (18) through the generation of transposon mutations in the eut operon. In their study, Roof and Roth determined that EA and B 12 increased expression of EutR and that this increased expression acted as part of a feedback loop required for transcription of the entire eut operon. Typically, AraC/XylS-type transcriptional regulators are positive transcriptional activators that respond to a ligand and directly contact target DNA sequences to promote gene expression (55) . The EAbinding experiments and EMSAs confirm that EutR binds EA ( Fig. 1C) and directly contacts the eutS promoter ( Fig. 2A to C and  4A ). Our data provide new mechanistic information regarding EutR activation of the eut operon. We show that EA and B 12 are not required for EutR binding to the eutS promoter but are required to promote transcription ( Fig. 2C and D) . These data are consistent with the previous work of Roof and Roth (18) .
In addition to promoting expression of the eut operon, EutR is the major regulator involved in EA-dependent regulation of ler (33) . Expression of ler is significantly decreased in the ⌬eutR strain of EHEC compared to wild-type EHEC, and the ⌬eutR strain also displays diminished ability to form A/E lesions on epithelial cells (33) . We address the nature of this regulation in this study. The EMSA data indicate that EutR binds directly to the ler (LEE1) promoter (Fig. 3B to D and 4B) , suggesting a novel function for EutR as a direct regulator of genes critical for EHEC pathogenesis.
We previously reported that EA-dependent regulation of ler occurs at micromolar EA concentrations and that these low EA concentrations do not significantly increase EutR expression or support EA metabolism (33) . EutR is constitutively expressed at low levels in the cell, where it can sense low concentrations of EA and B 12 and subsequently induce expression of target genes (18, 56) . In the case of the eut operon, EutR competes with the EA ammonia lyase EutBC for B 12 (56) (57) (58) ; thus, high levels of EutR are required to maintain induction of the eut operon (56). This not only depends on the presence of B 12 , but also depends on the concentration of EA (14, 18, 33) . For the LEE, EutR does not compete with the induced genes for its ligands, and thus, our data suggest that basal levels of EutR are sufficient to activate expression of this pathogenicity island.
Altogether, these data present the initial steps in understanding the mechanisms by which EA contributes to EHEC pathogenesis through the transcriptional regulator EutR (Fig. 5) . EutR responds to EA to promote expression of the eut loci. This may allow EHEC to compete with the indigenous microbiota for nutrients and aid in EHEC colonization of the host. Additionally, EutR directly activates expression of ler, ultimately enabling EHEC to intimately attach to host epithelial cells and establish infection. The findings presented in this study may shed light on how other pathogens sense environmental cues in the GI tract to coordinate virulence gene expression and also highlight the notion that signaling networks involved in regulation of fundamental processes (i.e., metabolism) are often intricately linked to bacterial virulence (1, 59) .
ACKNOWLEDGMENT
This work was supported by startup funds from the University of Virginia School of Medicine.
